ABSTRACT Reduced survival and future reproduction due to of current reproduction is a trade-off known as the cost of reproduction. Surprisingly, only a few studies have assessed the cost of reproduction in arthropod disease vectors, despite its effect on longevity, and thus on vectorial capacity. We evaluated the cost of reproduction on survival of Anopheles gambiae Giles by comparing mosquitoes that were denied exposure to the other sex, hereafter named virgins, and those that were allowed exposure to the other sex and mating, hereafter named mated. Merely 6 d of exposure to females with mating activity reduced male survival from a median of 17 d in virgins to 15 d in mated, indicating that male mating cost is substantial. The increase in mortality of mated males began several days after the exposure to females ended, indicating that mating is not associated with immediate mortality risk. Notably, body size was negatively correlated with male mortality in mated males, but not in virgins. The rate of insemination declined after 4 d of exposure to females, indicating that male mating capacity is limited and further supporting the hypothesis that mating is costly for males. Consistent with previous studies, female survival on sugar alone (median ϭ 16 d) was shorter than on blood and sugar (median ϭ 19 d), regardless if she was mated or virgin. Overall, survival of mated females was lower than that of virgins on a diet of blood and sugar, but no difference was found on a diet of sugar only. However, the cost of reproduction in females remains ambiguous because the difference in survival between virgin and mated females was driven by the difference between virgin (median ϭ 19 d) and uninseminated females exposed to males (median ϭ 17 d), rather than between virgin and inseminated females (median ϭ 19 d). Accordingly, sperm and seminal ßuid, egg development, and oviposition have negligible cost in terms of female survival. Only exposure to males without insemination decreased female survival. Nonetheless, if exposure to males under natural conditions is also associated with reduced survival, it might explain why females remain monogamous.
Trade-offs between components of Þtness have long been at the focus of ecological and evolutionary research, because they are widely recognized as one of the prime agents shaping life history traits (Williams 1966 , Reznick 1985 , Stearns 1992 . The cost of reproduction, deÞned as the reduction of subsequent survival and late reproduction by earlier reproduction (Williams 1966 , Partridge and Harvey 1985 , Reznick 1985 , is one of the best studied trade-offs across phyla (Stearns 1992 , Barnes and Partridge 2003 , Harshman and Zera 2007 .
The trade-off is rooted in resource allocation, namely the diversion of limiting resources from somatic tissues to reproductive tissues and in reduced resistance to stress and pathogens caused by diminished immune function as a result of reproduction (Fedorka et al. 2004, Harshman and Zera 2007) . A breakdown of the cost of reproduction in Drosophila females into its components, such as exposure to males (Chapman 1992) , seminal ßuid composition (Chapman et al. 1995) , and egg development (Partridge et al. 1987) revealed the role of the conßict between the sexes as an additional factor shaping this trade-off (Arnqvist and Rowe 2002) . In Drosophila, a key component of the female cost of reproduction is a toxic peptide in the seminal ßuid, the main function of which is to limit female remating (Chapman et al. 1995) . Nonetheless, in many systems in which sound experimental designs were used, the cost of reproduction in terms of reduced survival could not be demonstrated (Hare and Murie 1992, Kotiaho and Simmons 2003) , and in several cases, higher mating rate increased survival or fecundity (Stearns 1992 , Marshall et al. 2009 ).
Whereas detailed knowledge on the cost of reproduction and its underlying mechanisms has been ac-cumulating for many animal and plant taxa (extensively reviewed in the references cited above), studies of the cost of reproduction in arthropod disease vectors, and mosquitoes in particular, have been few (CluttonBrock and Langley 1997 , Armbruster et al. 2001 , Leisnham et al. 2008 , South et al. 2009 ). This is surprising because the cost of reproduction might play an important role in shaping vectorial capacity (Dye 1986 ) through its effect on individual longevity, age structure, and population density. Because release of males is safer and thus more acceptable than the release of females (Benedict and Robinson 2003) , variation in longevity and the cost of reproduction are relevant to strategies of vector control based on sterile male release and introduction of genes blocking disease transmission into natural vector populations.
As in many other mosquitoes, mating in Anopheles gambiae Giles occurs primarily in swarms (Charlwood and Jones 1980 , Marchand 1984 , Charlwood et al. 2002b , Yuval 2006 , Howell and Knols 2009 ), but also indoors (Dao et al. 2008) . After sunset, males form swarms that typically consist of 20 Ð300 males ßying in a cloud of Ϸ1 m diameter ) for 20 Ð30 min. Females ßy into swarms and often are observed leaving in copula. An. gambiae females usually mate once (Tripet et al. 2003) . Females produce and lay egg batches of Ϸ150 eggs (Yaro et al. 2006) , in cycle of 3 d after every blood meal (Gillies and Wilkes 1965, Clements 1992) . Under natural conditions, only 1% of females lay seven or more egg batches (10 was the maximum record of egg batches a female laid), although most laid only one or two egg batches (Gillies and Wilkes 1965) . To what extent cost of reproduction shapes these and other characteristics of mosquito reproduction remains unknown. We evaluated the cost of reproduction in F 1 of Þeld-collected mosquitoes of the M molecular form of An. gambiae, the African malaria mosquito. We measured the effect of mating on male survival as well as the effects of exposure to males, mating, egg development, and oviposition on female survival.
Materials and Methods
F 1 offspring of 232 wild females were used in all experiments (87 and 145 in the male and female experiments, respectively). Blood-fed, semigravid, and gravid females were caught in January 2007 in the village of Bancoumana, located Ϸ60 km southwest of Bamako, Mali, in the wet savanna zone, 2 km from the Niger River (8Њ20 W longitude and 12Њ20 N latitude). Mosquitoes were collected by mouth aspirator and transported within 1 d after collection to the insectary at the Malaria Research and Training Center in the University of Bamako. The experiments were performed in this insectary under conditions of 27ЊC, 12:12 h L:D, and 80% RH. Female mosquitoes were placed in plastic cages (top and bottom diameters, 22 and 16 cm, respectively; height, 19.5 cm; the only cages used throughout these experiments) and kept for 2 d before they were placed individually in 50-ml tubes containing 15 ml of deionized water for oviposition. A strip of Þlter paper (2 cm wide) surrounded the water edge, providing a wet surface to collect the eggs. Females that laid eggs and two Þrst-instar larvae of their offspring were preserved in 80% ethanol and later identiÞed to species and molecular form using polymerase chain reaction and restriction fragmentlength polymorphism assays (Fanello et al. 2002) . First-instar larvae from different families of the M molecular form were pooled in groups of Ϸ200 per pan. Pans (25 cm W ϫ 30 cm L ϫ 6 cm D) were Þlled with 400 ml of deionized water, and 0.1 g ground Þsh food (Tetramin) was provided daily. When most larvae reached the third instar, an additional 400 ml of water was added. Pupae were collected daily and transferred into cages (same as above). Emerging males and females were separated within 24 h to prevent mating. Cotton soaked in 5% sucrose solution was provided to adults daily. Insemination was determined by dissection and examination of spermathecae (see below) from 8 Ð20 females from each cage to ensure mating had not taken place before emergent mosquitoes were separated by sex. All veriÞcations (n ϭ 186) were negative.
Male Experiment. Virgin, 2-to 3-d-old males were randomly assigned to one of two treatments: virgin, which were never exposed to females, and mated, which were exposed to females for a total of 6 d, during which time mating was observed and rate of female insemination was measured. However, the number of males that mated and those that remained virgin among those exposed to females could not be determined, hence the quotes on mated. In the virgin group, 200 males were placed in each cage for 6 d before they were transferred to new cages of 100/ cage. In the mated group, 100 males were placed with 100 virgin females of the same age. Every 2 d, all females were removed, their insemination status was determined (below), and 100 virgin 3-to 4-d-old females were added. Thus, during the 6 d when male mating performance is supposedly highest (Mahmood and Reisen 1994) , mated males had access to three cohorts of virgin females, whereas the virgin males did not have access to females. Density at the Þrst (200/ cage) and second (100/cage) setups was the same in both treatments. Because adults emerged over several days, mosquitoes that emerged over 2 d were pooled and randomly assigned to both treatments. The experiment included three blocks based on dates of adult emergence and a total of eight cage replicates of virgin and four cage replicates of mated males. Cotton soaked in 5% sucrose solution was provided daily after collection of dead mosquitoes. Dead males were placed in 80% ethanol, and dead females were dissected (below) to determine mating status before being placed in 80% ethanol.
Female Experiment. Virgin, 2-to 3-d-old female mosquitoes were randomly assigned to one of two treatments: virgin and mated. In the virgin group, 200 females were placed in each cage for 3 d before they were transferred to new cages of 100/cage. In the mated group, 100 females were placed with 100 virgin males of the same age for 3 d, and then females were transferred to new cages. All mosquitoes received cotton soaked in 5% sucrose daily. Because adults emerged over several days, each block of the experiment consisted of mosquitoes that emerged over 2 d, which were randomly assigned to all treatments. The experiment included three blocks and a total of seven cage replicates of virgin and eight cage replicates of mated females. Three cages of virgin and four cages of mated females were assigned to a diet of sugar only (below), whereas four cages of each treatment were assigned to a diet of sugar and blood. The blood meal, the arm of a human volunteer offered for 15 min, was provided for consecutive 2 d during the Þrst gonotrophic cycle and subsequently once every 4 d. Females were not removed from cages after feeding, so an egg dish for mass oviposition was placed in every cage 2 d after blood feeding for two nights. Cotton soaked in 5% sucrose solution was provided daily after dead females were collected and dissected (below) to determine mating status. Mosquito carcasses were placed in 80% ethanol.
Body size was estimated based on measurement of wing length for both males and females, as described previously (Yaro et al. 2006) . One wing was removed, mounted on a slide, and measured to the nearest 0.1 mm using a dissecting scope equipped with micrometer ruler under ϫ40 magniÞcation. As a result of poor condition of dead mosquitoes (many were stuck to sucrose fecal material on the cage bottoms and damaged upon transfer), intact wings could only be measured in approximately one-third of the specimens. Insemination status was determined by examination of dissected spermathecae, each pressed under a slide coverslip at ϫ200 magniÞcation, for the presence of sperm.
Statistical Analysis. Visual comparisons of survival curves estimated using the Kaplan-Meier method of Proc Lifetest (SAS Institute 2002) were followed by overall tests (Wilcoxon test) of differences between survival curves among groups. Hazard functions were computed using the life table method with age intervals of Ͻ4, 4 Ð7, 8 Ð10, 11Ð14, 15Ð17, 18 Ð21, 22Ð24, and Ͼ25 d to evenly spread sample size across time. Cases such as accidental death or escape of mosquitoes (n ϭ 159 of 2,395) were treated as censored data. To test the effect of multiple explanatory variables on survival, Cox proportional hazard regression models were used as implemented by Proc Phreg (SAS Institute 2002), as was previously described (Leisnham et al. 2008 , South et al. 2009 ). Experimental blocks were included in all models using the strata statement. Survivor functions were estimated by the baseline statement.
Results
Males. The insemination rate in mating cages varied between 20 and 63% per 2-d period (Fig. 1) , demonstrating extensive mating activity and ensuring that virgin females were available throughout (i.e., mating opportunity was not saturated). Mean insemination rate declined over the 6 d from 50% in the Þrst cohort of females (range: 40 Ð 63%; Fig. 1 ) to 30% in the third cohort (range: 20 Ð 42%; Fig. 1 ). Because male mortality during this time (7Ð9 d old) was minimal and could not account for this decline (Figs. 2 and 3 ), these data indicate that male mating capacity was limited.
Overall, male longevity in cages with females (mated treatment) was shorter (median ϭ 15 d) than that of virgin males (median ϭ 17 d, Wilcoxon 2 ϭ 10.8, P Ͻ 0.001; Fig. 2A ). The hazard functions increased with age in both groups, indicating a strong effect of aging on survival (risk value 3Ð 4 times higher during age Ͼ28 d as opposed to 4 Ð10 d old), with higher hazard values for mated males (Fig. 2B) . Differences in mortality between mated and virgin males became apparent after day 6 and peaked on day 15, showing that mortality during the 6 d of mating (age 3Ð10 d) was negligible. Multivariate analysis using a Cox model stratiÞed on emergence date as blocks and including mating status, male body size (wing length), and their interaction revealed that mating reduced male longevity (P Ͻ 0.001, Table 1) and that the interaction between mating status and body size was signiÞcant (P Ͻ 0.001, Table 1), although the simple effect of body size was insigniÞcant (P Ͼ 0.1, Table 1 ).
Notably, larger body size was associated with longer survival in mated males, but not in virgin males (Table  1 and Fig. 3) . Accordingly, separate analyses showed the effect of body size on longevity was signiÞcant in mated males, but not in virgins (P Ͻ 0.03 and P Ͼ 0.15, respectively; data not shown).
Females. Overall, virgin females lived longer than those exposed to males for 2 d (P Ͻ 0.036, Cox model including block as strata and mating status), suggesting that reproduction reduces female longevity. However, this difference was evident only for females fed a diet of blood and sugar (Fig. 4A) . Diet had the largest effect on female survival and was also involved in a signiÞcant interaction with mating status (Fig. 4) . The (censor-corrected) median survival on blood was 19 d, whereas that on sugar was 16 d. Separate analyses showed that virgin females lived longer than those exposed to males only if both groups were fed blood and sugar (Wilcoxon test, 2 ϭ 4.51, df ϭ 1, P Ͻ 0.034), but not if they were fed only sugar (Wilcoxon test, 2 ϭ 2.78, df ϭ 1, P Ͼ 0.095). Mortality was negligible during the Þrst week, and the difference between groups in survival was evident after that period, indicating that exposure to males was related to long-term, rather than immediate mortality (Fig. 4A) . The effect of body size (wing length) on survival was not significant (P Ͼ 0.069, Cox model stratiÞed by block), and the signiÞcance value further decreased when diet was included in the model (P Ͼ 0.095). When mated females were separated by insemination status, however, inseminated females (58 and 52% on blood versus sugar only diets, respectively) survived longer than uninseminated females (Fig. 4B) . The lower survival of uninseminated females that were exposed to males accounted for the difference between mated and virgins (under diet of blood and sugar, above; Fig. 4B ). No signiÞcant difference was found between virgin and inseminated females.
Discussion
These experiments demonstrated that certain components of reproduction are costly in terms of reduced longevity of An. gambiae. Despite the apparently lower investment in production of sperm and seminal ßuid as opposed to female investment in egg production, the cost of mating was detected in males, whereas no cost of egg production and oviposition was detected in females. Six days of exposure to females with mating activity reduced male survival by a mean of 2 d, indicating that male mating cost is substantial. Higher mortality related to mating occurred almost 1 wk after all females were removed, indicating that mating itself is not associated with immediate mortality risk, but with long-term reduced survival, as if mating acceler- Table 1 ) using baseline statement for large (3.2 mm) and small (2.8 mm), mated and virgin males, whose size represents the 90th and the 10th percentile of wing length, respectively. The interaction between reproductive status (mated versus virgin) and body size is illustrated by the reduced survivorship in small mated males (median survivorship of 13 versus 18 d, in small and large mated males, respectively; see long-gray arrow) as opposed to small, reverse difference in virgins (median survivorship of 17 versus 15.3 d, in small and large mated males, respectively; see short-black arrow). These survivor functions are estimated based on the second block (stratum); the other blocks reveal the same pattern (data not shown). a Hazard ratio is deÞned as the ratio of the hazard for those with the risk factor (e.g., mated) to the hazard for those without it (e.g., virgin).
b Likelihood ratio test, providing a global test of the explanatory power of the model. ated aging. Consistent with accelerated aging after mating, there was no noticeable change in the malesÕ activity or environment. Maximal life span of mated and virgin males was similar, however, despite higher mean longevity of virgin males (Fig. 2) . Possibly, a fraction of the males exposed to females remained virgin, and they were the longest-lived in the mated treatment (see below). The rate of insemination declined after 4 d of exposure to females despite negligible mortality during this period. This decline is consistent with limited male mating capability, possibly because of insufÞcient resources to produce sperm and seminal ßuid after mating during the preceding 4-d period. Male aging might also explain these results, but is unlikely because An. gambiae continue to produce sperm, as evidenced by the decline in the number of spermatocysts until age 14 d (Huho et al. 2006) , and virgin males of Anopheles culicifacies (another member of the subgenus Celia) inseminated the highest rate of females at age 5Ð12 d old (Mahmood and Reisen 1982) . Laboratory-reared An. gambiae males could mate with up to Þve females (Giglioli 1963) , and similar limitation was detected in An. culicifacies (Cuellar et al. 1970, Mahmood and Reisen 1994) . Because sugar was continuously available in our experimental design, energy sources were apparently unlimited. The limited mating capacity manifested by the low daily insemination rate (Fig. 1 ) also suggests that mating is costly for males. Because at least rarely males have the opportunity to mate multiple times in consecutive nights, those capable of mating many times would have a strong selection advantage had it not been costly.
Assuming equal mating success of small and large males (Charlwood et al. 2002a) , the cost of mating was greater for smaller males than for larger males. Presumably, mating over a longer period would also reduce survival of larger males. The cost of mating under natural conditions is probably higher than under our experiment because of the higher nutritional demands on swarming, the greater competition expected when the sex ratio is heavily male biased (in contrast to 1:1 under our experimental conditions), and indirect costs of foraging for sugar sources, swarm sites, and resting sites, all of which will be incurred over a longer period than 6 d.
After the Þrst 2 d males and females were allowed to mate (sex ratio of 1), insemination rate averaged 50%, indicating that most males probably do not mate because of low activity of males, low female receptivity, and/or maleÕs inability to discriminate between inseminated and uninseminated females. Females kept with males for 6 or more days under similar conditions showed that insemination rate approached 100% (data not shown), suggesting that given additional time, males recover mating capacity.
The cost of reproduction in females remains ambiguous despite the overall lower survival of females in the mated treatment than those in the virgin treatment when both fed a diet of blood and sugar. Importantly, the lower survivorship of the mated as opposed to the virgin treatment reßected difference between virgin (median ϭ 19 d) and uninseminated females (median ϭ 17 d) rather than between inseminated (19 d) and virgin females. These results are inconsistent with costly egg production and oviposition. The components contributing to the cost of reproduction in females include the effect of the following: 1) male-female interaction before insemination, hereafter named courtship; 2) the act of mating; 3) sperm and seminal ßuid from male accessory glands; 4) egg development after blood feeding; and 5) oviposition. In our experiment, the only difference between virgin and uninseminated females is courtship, consisting of short ßights, occasional bumping into each other, and possibly the clasp of females by malesÕ legs. Thus, we infer that courtship represents the most costly component of female reproduction and possibly, male harms only nonreceptive females, whom he cannot inseminate. Furthermore, the reduced survival of uninseminated females may represent the cost of female choice, i.e., male rejection (Watson et al. 1998 , Gotthard et al. 1999 . Finally, we considered the possibility that uninseminated females were of lower quality, leading to lower mating success and lower survival than their inseminated counterparts. This possibility was ruled out because accordingly, the overall survival of virgin and mated females should be the same because females were randomly assigning to treatments; thus, the fraction of poor quality females should be the same between treatments. Contrary to that prediction, females in the virgin treatment lived longer overall than those in the mated treatment (regardless of insemination). Moreover, if males and females of the same age as used in our experiment are held together for 6 d or longer, insemination rate approaches 100% (data not shown), suggesting that all females are not of poor quality.
In our design, the differences between inseminated and uninseminated females (exposed to males) include sperm and seminal ßuid as well as oviposition (uninseminated females develop eggs after blood feeding, but do not lay them). As oviposition is probably not beneÞcial, it is possible that seminal ßuid is beneÞcial and extends female longevity in compensation for the effect of courtship. If egg resorption, which likely occurred in uninseminated females, had a negative effect on their survival, it would also occur in virgin females (Klowden and Russell 2004) . It is also possible that males court mostly uninseminated females; thus, inseminated females are protected from repeated harassment.
Importantly, mating in cages might represent artifacts of little relevance to natural conditions. Mating of An. gambiae occurs primarily in swarms Jones 1980, Diabate et al. 2009 ), but the M form also mates indoors and exhibits behavior more similar to that observed in cages (Dao et al. 2008) . Females under Þeld conditions can avoid repeated attempts of mating by males by ßying away from swarms and departing houses after sunset. Nonetheless, the result that courtship is costly for females may explain why females avoid repeated mating and remain monogamous (Crudgington and Siva-Jothy 2000) .
As previously found (Gary and Foster 2001) , survival on sugar alone was substantially shorter than on blood and sugar (16 versus 19 d), indicating that nutrients from blood are essential not only for egg production, but also for maintenance of somatic tissues of the female (Briegel and Horler 1993) . The difference in longevity between treatments was detected only on diet of blood and sugar, rather than sugar alone. On sugar alone, survival was possibly too short to manifest subtle effects of the costs of reproduction. Because egg development follows blood feeding, these results suggest that the putative negative effect of egg development on longevity is much smaller than the positive nutritional beneÞts of blood feeding.
These results suggest that vectorial capacity in An. gambiae does not depend on reproduction because females usually mate once (Tripet et al. 2003) , and the effects of egg development and oviposition on longevity could not be detected. These results do not support the hypothesis that reproduction reduces female survival under natural conditions, but it remains to be tested whether current reproduction reduces future reproduction. It is also possible that the trade-off between reproduction and female survival depends on the environment, e.g., it can be expressed under a particular stress, which was not present in this study (Reznick et al. 2000) . The cost of reproduction for males, however, suggests that a comparison of mating capacity of males raised in a colony with wild males must consider the possibility of a greater cost of reproduction in males raised in colony. Accordingly, even if initially males from a colony show similar mating success over a couple of days, lower survival because of mating may result in a substantial difference in their lifelong mating success.
